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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
Thermochemical Energy Storage (TCES) materials can be used to store and release thermal energy during times of high demand 
for applications such as Domestic Space Heating (DSH) or Domestic Hot Water (DHW). Novel composite materials have been 
created by 2 methods, i) impregnating zeolites with MgSO4 using a modified wetness impregnation method and ii) forming 
zeolites impregnated with MgSO4 into 4mm pellets using a pellet preparation method and a binder, these composite pellets have 
been named ZMK. Differential Scanning Calorimetry (DSC) measurements were used to assess the composite materials energy 
density and performance ratio. The ZMK pellets were also tested on a larger (200g) scale using an in-situ open fixed bed reactor. 
It was found that ZMK dehydrates at a temperature of 150˚C with a dehydration enthalpy of 715 J/g, with an overall performance 
ratio of 85% at a 10mg scale. ZMK was found to have a volumetric energy density of 415MJ/m3 and a specific energy density of 
702J/g at a 200g scale when hydrated (discharged) with 68% RH air at 20˚C, making it a suitable candidate for interseasonal 
TCES. 
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DSH Domestic Space Heating 
TCES Thermochemical Energy Storage 
TES Thermal Energy Storage 
1. Introduction 
Nearly half of the UK’s total energy consumption is used for heating purposes [1] with 26% of the UK’s total 
energy consumption used specifically for domestic space heating (DSH) and domestic hot water (DHW)[1]. Nearly 
88% of the energy used for DSH and DHW comes directly from gas and oil with only 2% of the energy required for 
heating generated from renewable energy sources [1].  
One way to increase the amount of energy generated from renewable energy sources used for heating purposes 
and bridge the gap between supply and demand, is through the utilisation of Thermal Energy Storage (TES) in the 
built environment [2–4]. One thermal energy storage mechanism is Thermochemical Energy Storage (TCES). TCES 
stores energy in reversible chemical reactions. When heat is supplied to the material it disassociates into two or 
more reactants storing energy in the form of chemical potential. If the reactants are kept separate there is the 
potential to store energy for an indefinite period of time, as chemical potential energy, and to subsequently release 
the energy when required by recombining the reactants [5]. 
MgSO4 is an abundant, non-toxic, low cost material which can be utilized for TES with a high theoretical energy 
density (2.8GJ/m3 / 778kWh/m3) [6]. The high theoretical energy density, working temperature range and discharge 
requirements make MgSO4 a potential candidate material for domestic interseasonal TCES. The material will 
dehydrate (charge) from a heptahydrate to almost an anhydrous material when exposed to a temperature of 150˚C 
[6]. It rehydrates (discharges) in humid air with 1.3kPa pH2O (56% Relative Humidity (RH) at 20°C). These 
conditions are easily achievable during winter in the UK [7]. Recent research published on the potential of MgSO4 
[6,8,9]  has identified several issues associated with the practical application of this material for TCES. One way to 
overcome the issues associated with MgSO4 is to create composite materials by impregnating MgSO4 into porous 
host materials such as zeolites. 
 Zeolites have been shown to have the potential to be used as a standalone TCES material [10]. Due to their 
porous structure and typically large internal surface area zeolites tend to be very adsorbent [8,11]. This characteristic 
makes them strong candidates for use in domestic TCES systems because they release heat when water is adsorbed. 
Due to their physical characteristics there has been research undertaken aimed at creating composite materials using 
zeolites to enhance the characteristics of other potential TCES materials. Zeolites have previously been used in an 
attempt to enhance the characteristics of MgSO4 [12].  
A recent study [13], by the authors of this paper, examined the potential of 13X molecular sieves before and after 
they were impregnated with MgSO4 and after an Mg2+ ion exchange process. The work presented here builds on the 
previously published paper presenting new experimental data including; the performance of novel zeolite-Y + 
MgSO4 composite materials when characterised using small scale samples (10mg), and the performance of ZMK 
when characterised at a larger (200g) scale considering different flow rates and humidity’s for the hydration process.  
An assessment of the potential of zeolite-Y and MgSO4 composite materials for domestic interseasonal TES and 
the advantages and disadvantages of a new pellet preparation method for TCES materials is presented.  
2. Methodology 
MgSO4·7H2O (99.9% pure) and zeolite-Y ammonium (SiO2:Al2O3) with a mole ratio 5.1:1, and surface area of 
925m2/g were used in this research. The zeolite+MgSO4 composite materials were created by impregnating zeolite 
material dried to 150˚C with an aqueous solution of MgSO4. The amount of MgSO4 in the solution depends on the 
Weight Percentage (wt%) required in the composite material. The mixed solution was placed into an industrial 
gravity convection oven with a Carbolite Type 301 PID controller at room temperature. A 1˚C/min ramp rate was 
used to heat the solution to 150˚C where it was held isothermally for 3 hours to allow the material to be dehydrated. 
The composite material was subsequently ground into a fine powder after cooling to room temperature. 
To determine the dehydration enthalpy of each TCES material a TA instruments discovery DSC [14] was used. 
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Before commencing the dehydration experiments each sample, of ~10mg, was hydrated in air at 20˚C with ~56% 
RH for a minimum of 18 hours. The materials were then dehydrated to 150˚C as this is assumed to be the highest 
reasonably achievable temperature in a domestic environment using a high temperature vacuum solar thermal 
collector.  
To determine the sensible enthalpy component of each TCES material developed they were put through a double 
DSC dehydration from 20˚C-150˚C. To test the hydration of the ZMK material on a 200g scale an experimental rig 
was designed and constructed. Many absorbent materials are difficult to source in pellet form being more commonly 
available as fine powders. Details of the double dehydration method, 200g rig design and a new method to create 
composite pellets from powders (pellet preparation method) are described in a paper by Mahon et al. [13]. The 
composite pellets formed using the pellet preparation method are referred to as ZMK (Zeolite-Y (45wt%), 
MgSO4.xH2O (35wt%) and KU20 (20wt%)). 
When creating the pellets from the zeolite-Y powder, or creating the zeolite-Y + MgSO4 composite powders, ion 
exchange could potentially take place between the Mg2+ ions in the MgSO4 solution and the NH4+ ions in the 
zeolite-Y powder. The slurry formed when creating the pellets contained all ions both Mg2+ and the zeolite-Y NH4+ 
ions, neither of which were removed during the process and so were present in the final produced pellets. 
3. Results and Discussion 
Fig. 1 DSC dehydration measurements for the 15, 20, 25, 30 and 35wt% composite materials dehydrated up to 200˚C. 
The composite powder materials created consisted of varying weight percentages of MgSO4 and zeolite-Y. The 
selected wt% ratios of MgSO4 to zeolite-Y were 15,20,25,30 and 35wt%. Fig. 1 shows the DSC dehydration data for 
the created composite materials. For these tests a heating rate of 1˚C/min was used. The two sharp endothermic 
peaks, seen in Fig. 1 are due to the MgSO4.xH2O dehydration, the decreasing endothermic heat flow between 125°C 
and 200°C is a characteristic of the zeolite. As the wt% of MgSO4 increased in the composite materials so did the 
magnitude of the endothermic heat flow identified by the two distinct endothermic peaks seen in the 60-100˚C 
temperature range. As this is a characteristic of the MgSO4.xH2O and as it was exhibited by the composite materials 
it was clear that the MgSO4 was able to hydrate and dehydrate when impregnated within the zeolite-Y. 
Fig. 2 presents the average total, average dehydration and average sensible enthalpy components for the zeolite 
and the zeolite composite materials. Each enthalpy value was calculated by integrating the DSC dehydration heat 
flow between 20-150˚C. The heat flow due to the sensible enthalpy component of the zeolite had an average value 
of 165J/g, the average dehydration enthalpy was 615J/g giving a performance of 79% (performance is defined as 
(dehydration enthalpy / total enthalpy) *100%). As the intended use for these materials is interseasonal thermal 
energy storage they are intended to be dehydrated (charged) in the summer months and discharged in the winter, 
meaning all of the sensible heat is assumed lost. This means a lower sensible component is beneficial for this 
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application of the TCES materials. For the zeolite-Y the amount of energy stored as chemical potential was 79% of 
the original total enthalpy required for the dehydration up to 150°C. It was apparent with increasing wt% of MgSO4 
in the composite materials the dehydration enthalpy increased. The sensible enthalpy component of each of the 
composite materials was similar or may slightly decrease with increasing wt% of MgSO4. No degradation of the 
dehydration enthalpy was observed with increasing wt% of MgSO4 in the composite materials as expected [12,15]. 
The enthalpy for ZMK is also presented in Fig. 2. To permit characterisation in the DSC the ZMK pellets were 
crushed into a fine powder.  
Fig. 3 presents the dehydration enthalpy and the performance for the zeolite and the composite materials, when 
dehydrated to 150˚C. The performance of the composite materials increased with increasing wt% of MgSO4. The 
35wt% and the ZMK (Zeolite-Y+MgSO4+KU20) had a high dehydration enthalpy (708 J/g and 715 J/g, 
respectively) but also a higher performance than the other materials tested (85% for ZMK). This means that the 
ZMK material could both store the most energy per unit mass, of the composite materials tested, and also regenerate 
the greatest amount of enthalpy (energy) when the material was discharged (hydrated). The addition of the binder, 
which was an absorbent attapulgite clay material, did not seem to decrease the energy storage potential of the ZMK 
composite material significantly for the samples measured in the DSC. The results obtained suggest that the 
developed composite materials, specifically ZMK, are strong candidates for use as interseasonal domestic TCES 
materials. 
The reason the ZMK composite material was developed and tested was because the zeolite-Y + 35wt% MgSO4 
composite materials had a relatively high energy output when tested in the DSC and allowed the MgSO4 to hydrate 
and dehydrate when impregnated into the zeolite-Y.  The zeolite-Y + 35wt% MgSO4 composite material tested was 
a fine powder; this is difficult to test at a 200g scale due to the fine powder having very low permeability leading to 
a high pressure drop in an open TCES system. To address this issue and allow characterization the ZMK composite 
pellets were created.  
200g of 4mm ZMK pellets were hydrated with air flow rates of 10 L/min and 12 L/min at ~56% RH and 20°C 
following dehydration to 150°C. 200g of 4mm ZMK pellets were also hydrated with an air flow rate of 10 L/min at 
68% RH and 20°C following a dehydration to 150°C. 
Fig. 2 DSC determined total enthalpy, dehydration enthalpy and sensible enthalpy component for the zeolite-Y, zeolite-Y+MgSO4 composite 
powders and ZMK composite materials. 
 
The energy output for the ZMK 10 L/min and 12 L/min tests was 490J/g (0.14 Wh/g) and 487J/g (0.14 Wh/g), 
respectively. This was 69% and 68% of the enthalpy achieved from the ZMK material when tested in a DSC, 
highlighting that an improvement in the sample preparation method could reduce scaling losses allowing the ZMK 
to release more energy at a 200g scale. As expected when the ZMK was hydrated with 10 L/min of 68% RH air 
there was a much higher energy output of 702 J/g (0.20 Wh/g), due to the ZMK composite being hydrated to a 
higher level, this equated to 43% more energy output compared to the 56% RH 10 L/min flow rate tests.  
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The ZMK had a noticeable higher peak power output of 4.3W compared to 3.9W when hydrated with a flow rate 
of 12 L/min opposed to 10 L/min, respectively. The power output of the ZMK was 2.6 W and 1.5 W when hydrated 
with a flow rate of 8 L/min and 5 L/min, respectively. A higher flow rate through the ZMK material resulted in more 
water per unit time passing through the ZMK material which allowed the release of more hydration enthalpy per unit 
time (i.e. hydration power). When hydrated with a 68% RH compared to a 56% RH air stream the ZMK had a peak 
power output of 6 W. This higher peak power output was because the increased partial vapour pressure of water in 
the air resulted in an increased hydration rate. The power outputs from the ZMK were relatively high and would 
result in a peak power output value of 30 W/kg if the system could be effectively scaled and an air stream of 68% 
RH with sufficient flow rate was used. This value compares well to another study which suggested the required 
specific power output of a TCES material for a seasonal system should be in the range 0.3-0.8W/kg [16]. 
The ZMK material was designed specifically for domestic interseasonal thermal energy storage. However, the 
ZMK material could also be used to store thermal energy for different applications such as industrial waste heat and 
cycled more frequently than once per year. 
From the 200g test results the ZMK material would be suitable for DSH but not for a DHW heating source. If the 
material was used to preheat a DHW store then the material could be utilized to reduce the energy required to heat 
the water up to a useable temperature (typically a maximum of 60°C) from other sources (typically a gas boiler). If 
instantaneous hot water was required then the ZMK composite material could be utilized for this as the temperature 
delta T output was high enough (typically < 40°C is required) for this purpose. The delta T for the ZMK material 
hydrated with a 10 L/min air flow rate and an input air humidity of 68% RH reached a peak delta T of 28˚C. If the 
humidity supply to the ZMK composite material could be 68% RH or higher the ZMK could potentially be used for 
direct DHW heating.  
If used in a seasonal system the ZMK pellets would need to be cycled up to 50 times to achieve a 50 year life 
time. The ZMK pellets were cycled over 10 times and no signs of degradation were observed, which was a good 
indication of the stability of the pellets however, more research is needed in this area. 
Fig. 3 DSC dehydration enthalpy and performance % of the zeolite and composite materials 
4. Conclusions 
This research has shown a composite material consisting of zeolite-Y+MgSO4 and a binder (ZMK) had good 
characteristics (i.e. power output and energy density) for use as an interseasonal domestic thermochemical heat 
storage material. The main findings of the present research were: 
 Composite materials made from zeolite-Y and MgSO4 were shown to have increasing dehydration enthalpy 
with increasing wt% of MgSO4. The 35wt% composite material had a dehydration enthalpy of 708 J/g.   
 The ZMK composite material developed was shown to have a high performance (85%) and a high hydration 
enthalpy (715 J/g) at a DSC sample size of 10 mg. 
4494 Daniel Mahon et al. / Energy Procedia 158 (2019) 4489–4494
6 Daniel Mahon/ Energy Procedia 00 (2018) 000–000 
 The energy output of the ZMK composite material when tested at a 200g scale and hydrated with 68% RH was 
702 J/g with a volumetric energy density of 415 MJ/m3.  
Additional research is required to test the ZMK composite at a larger scale to understand and quantify if any 
further scaling losses occur. Work is also required to optimize the pellet preparation method used to create the ZMK 
composite pellets to reduce scaling losses and improve the energy density and power output further. 
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